Introduction
Since the first observation of superconductivity by K. Ones with a critical temperature of superconductivity (Tc) of 4.2 K on mercury (1911), many researchers have persuaded such exciting system on organic materials with vain. Even metallic behavior was hardly seen on the organic materials. Little's theoretical proposal (1964) for high Tc superconductivity (Tc > 1000 K) was based on a polymer system having both a conduction path and highly polarizable pendants, which mediate the formation of Cooper pairs in the conduction path by electronexciton coupling [1] . There are at least two inorganic polymer superconductors without doping (graphite and diamond are superconductors by doping: see Section 5), poly(sulfur nitride) (SN)x (1975, Tc ≤ 3 K) [2] and black phosphorus (1984, Tc ~ 6 K at 16 GPa and 10.7 K at 29 GPa) [3] , with crystalline forms. However, so far no organic polymers have been confirmed to show superconductivity which is easily destroyed by a variety of disorder. Only crystalline polymers were reported to exhibit metallic behavior: a doped polyaniline by chemical oxidation of monomers [4] and MC60 (Scheme 1) having linearly polymerized C60 •-with onedimensional (M = Rb, Cs) or three-dimensional (M = K) metallic behavior [5] .
Scheme 1.
The Little's model accelerated the exploration of the conducting organic materials of low molecular weight, that had been started by the finding of highly conductive perylene•halides charge-transfer (CT) solids (10 0 -10 -3 S cm -1 ) in early 1950s [6] and TCNQ In this review, we mainly introduce the development and present status of organic superconductors of CT type based on electron donor molecules such as ET, electron acceptor molecules such as C60 (highest Tc = 38 K at 0.7 GPa), aromatic hydrocarbons (highest Tc = 33 K at ambient pressure (AP)), M(dmit)2 (highest Tc = 8.4 K at 0.45 GPa //b) and graphite (highest Tc = 15.1 K at 7.5 GPa), carbon nanotube (Tc ~ 15 K in zeolite), and B doped diamond (Tc = 11 K at AP). Besides those, single component organic compounds show superconductivity (Tc ≤ 2.3 K at 58 GPa). The most reported Tc values of CT solids of C60, aromatic hydrocarbons, those recently prepared, and those under pressure are the on-set values that are approximately 0.5-1 K higher than the mid-point Tc values. All donor based superconductors are stable in open air, however, only M(dmit)2 superconductors are stable among the acceptor based superconductors.
Most of the superconducting phases of TMTSF, ET, and C60 materials and also of oxide superconductors reside spin-ordered phases such as SDW and antiferromagnetic (AF) phases. We briefly describe the recent development of superconductors having superconducting phase next to spin-disorder state (quantum spin liquid state).
Preparation of organic superconductors
CT solids are prepared mainly by the following three redox reactions: (1) electrocrystallization (galvanostatic and potentiostatic), (2) Electrocrystallization (main procedures in detail and corresponding references are described in Section 11 of Ref. 17 ) is performed with a variety of glass cells, as shown in Fig. 2 . Strictly speaking, the potentiostatic method is the proper way, in which a three-compartments cell is employed and one of the compartments contains the reference electrode, such as saturated calomel or Ag/AgCl electrode. However, this method is troublesome when a large number of crystal-growth runs are performed for a long period of time due to the following: 1) the contamination through the use of a reference electrode cell, and 2) the limited space for the experiment. The galvanostatic method is much more convenient than the potentiostatic one from these points of view. An H-cell (20 ml or 50 ml capacity) and an Erlenmeyer-type cell (100 ml) with a fine-porosity glass-frit equipped with two platinum wire electrodes (1-5 mm in diameter) have been used (Fig. 2 ).
There are many factors and tricks to grow single crystals of good quality. The important factors besides both the purity and the concentration of the component materials are the kinds of solvent and electrolyte, the surface of the electrode, the current (0.5-5 µA), and temperature. THF (tetrahydrofuran), CH2Cl2, TCE (1,1,2-trichloroethane), chlorobenzene, CH3CN, and benzonitrile are commonly utilized solvents. The addition of 1-10 v/v% ethanol occasionally accelerates the crystal growth. As for the electrolyte, solubility in organic solvent is an important factor and usual electrolytes are tetrabutylammonium (TBA) or tetraphenylphosphonium salt of anion X. Sometimes, the electrolyte is a combination of soluble and insoluble materials. For example, single crystals of κ-(ET)2Cu(NCS)2 were prepared using 1) CuSCN + KSCN + 18-crown-6-ether, 2) TBA•SCN + CuSCN, or 3) Cu(NCS)2•K(18-crown-6-ether). Low solubility of the components of the electrolyte in the specific solvent usually retarded single crystal growth. Ionic liquids such as 1-ethyl-3-methylimidazolium (EMI, Scheme 2) salts of X were found to afford single crystals of high quality, recently. Regarding the surfaces of electrodes each research group has special treatments such as burning (but not melting) or polishing with very fine powder. The electrode surface can be treated by applying a current to switch the polarity in a 1 M H2SO4 solution. When the radical species are unstable in solution, CT solids can be grown by applying a high current at very low temperatures; e.g., salts of fluoranthene (-30 °C, 2 mA, Ni electrode), naphthalene, and azulene. Besides the electrocrystallization, superconducting single crystals of good quality were prepared by direct chemical oxidation of ET with iodine in gas or with TBA•I3 or TBA•IBr2 in solution. Better-quality single crystals of (TTF)[Ni(dmit)2]2 were obtained by the diffusion method of the metathesis reaction rather than electrocrystallization. No single crystals of the electron acceptor based superconductors were obtained except for the M(dmit)2 system. The earliest route for reductive intercalation of C60 solids by alkali or alkaline-earth metals is the vapor-solid reaction by vacuum annealing. Almost all superconductors based on graphite and polyaromatic hydrocarbons have b e e n o b t a i n e d i n a c c o r d a n c e w i t h t h i s synthetic route. Besides pristine alkali metals, sodium mercury amalgams, sodium borohydride, alkali azides, and alkali decamethylmanganocene have been utilized for source of alkali metal vapors to reduce C60 solids. Disproportionation reaction between C60 and M6C60 (M: alkali metal) has been sometimes utilized to obtain superconducting M3C60 or non-superconducting M4C60. For a low-temperature solution route, liquid ammonia and methylamine have been sometimes utilized for the reaction media. Especially, Cs3C60 with the highest Tc among the C60 superconductors can be obtained only when the stoichiometric amounts of cesium metal and C60 were reacted in the dissolved methylamine media (see Section 3-2), while the conventional vapor-solid reaction gives energetically stable Cs1C60 and Cs4C60 instead of Cs3C60 with nominal composition.
Structures and properties

Superconductors based on electron donors
One-dimensional superconductors (TMTSF and TMTTF families)
TMTSF [9] [10] [11] [12] [13] [14] has provided eight quasi-one-dimensional superconductors; (TMTSF)2X with highest Tc ~ 3 K [11] ( Table 1) . Most of them were prepared by electrocrystallization using TBA•X as electrolyte except the NbF6 salt which can be only prepared by using ionic liquid EMI•NbF6 [12] . They are isostructural to each other and the crystal structure of (TMTSF)2NbF6 is depicted in Fig. 3 , where TMTSF molecules form a zigzag dimer that forms a segregated column along the face-to-face direction (a-axis) with no short Se•••Se atomic contacts (Fig. 3a,3b ). Along the side-by-side direction (b-axis), rather short Se•••Se atomic contacts were seen (Fig. 3c) , however, those less than the sum of the van der Waals radii (3.80 Å) are present only for X = ClO4 and FSO3. For the PF6 salt, ta and tb were estimated to be 0.25-0.30 eV and 0.031 eV, respectively. Consequently, the Fermi surface of (TMTSF)2X is not closed, but open with fair warping due to the lack of adequate side-by-side transfer interactions (Fig. 1a) . Salts with octahedral anions exhibited MI transition at 11-17 K at AP due to SDW, and a superconductivity appeared with on-set Tc of ca. 1 K at 0.6-1.2 GPa (Fig. 3d) . Salts with (pseudo)tetrahedral anions, on the other hand, exhibited order-disorder (OD) transition of anion molecules when the superlattice created was coincide with the nesting vector of the warped Fermi surface (2a × 2b, Fig. 1a ).
The isomorphous (TMTTF)2X (TMTTF: Scheme 3) salts displayed superconductivity under high pressure of 2.6-9 GPa with Tc less than 3 K for X = Br, BF4, PF6, and SbF6 [22] [23] [24] [25] . Table 1 summarizes superconductors of (TMTSF)2X and (TMTTF)2X showing σRT, temperature at which conductivity shows maximum (Tmax) due to an MI transition, critical pressure to induce superconductivity (Pc), Tc, phenomena which cause the MI transition (transition temperature), and superlattice after the ordering of the anion molecules.
(TMTSF)2ClO4 is the only AP superconductor among them and shows no Hebel-Slichter coherence peak [26] , which should be observed just below Tc for a normal BCS-type superconductor having an isotropic gap [27] , in the early measurements of relaxation rate of 1 H NMR absorption. Later, the thermal conductivity suggested a fully-gapped order parameter [28] . 
kB: Boltzmann constant, g: coupling constant, Vel-ph: electron-phonon coupling potential, D(εF): density of states at Fermi level per one spin.
Two-dimensional superconductors (BO, ET, and BETS families)
BO superconductors
TTF derivatives with "peripheral addition of alkylchalcogeno groups" were found to be effective to increase dimensionality of CT solids and suppress the Peierls-type MI transition for many BO [15] and ET [16] [17] [18] [19] [20] conductors. The robust intermolecular interactions in the BO complexes have provided a metallic state even in the strongly disordered systems. The strong two-dimensionality in the BO complexes hardly exhibited any phase transition including the superconductivity (only two superconductors with Tc ≤ 1.5 K were found) [30, 31] .
ET superconductors
The first ET two-dimensional organic metal down to low temperatures is (ET)2(ClO4)(TCE) [32] . Since then, hundreds of ET solids have been prepared. ET molecules tend to pile up one after the other with sliding to each other so as to minimize the steric hindrance caused by the terminal ethylene groups. A neutral ET molecule is non-planar and becomes almost flat on formation of the partial CT complex except the terminal ethylene groups which are thermally disordered at high temperatures. Segregated packing of such molecules leaves cavities along the molecular long axis, where counter anions and sometimes solvent molecules occupy. It was pointed out that the ethylene conformation is one of the key parameters determining the physical and structural properties including the superconductivity [33] . ET molecule also has a strong tendency to form proximate intermolecular S•••S contacts along the side-by-side direction leading to an increment of the side-by-side transfer integrals t ⊥ ( It is thus much more difficult to predict the donor packing pattern for the ET system compared to those for TMTSF, especially for salts with small and discrete anions such as I3, ClO4, PF6, etc., where polymorphic isomers are frequently afforded. In the salts with discrete linear anions such as I3 and I2Br, the component molecules have great freedom of motion and the donor packing pattern can be changed by thermal or pressure treatment [35, 36] . Scanning tunneling microscope (STM) measurements [37] [38] [39] revealed that the surface structure of β-(ET)2I3 crystals contains many defects, voids, and reconstruction of donor packing attributed to the unstable structure of the anion layers, while the surface structures of salts with polymerized anions such as κ-(ET)2Cu(NCS)2 ( Fig. 7b in Section 3-1-2-3) and α-(ET)2MHg(SCN)4 (M = NH4 and K) are stable with no defects.
The polymerized anions in κ-(ET)2Cu(NCS)2 form the insulating layer having openings as seen in Fig. 5b . Two ET molecules form a dimer unit which fits into each opening. In more accurate description, the hydrogen atom of one ethylene group of ET molecule fits into the core created by anion molecules, like a key-keyhole relation. The position of such an ethylene hydrogen atom projected onto the anion cores produces unique patterns; called α-type (5 superconductors), β-type (6 superconductors), θ-type (1 superconductor), and κ-type (about 31 superconductors) [40] . It means that the ET molecules arrange according to the anion core or opening pattern created by polymerized anions.
Different kinds of ET⋅⋅⋅ET (π-π, S⋅⋅⋅S) and ET⋅⋅⋅anion (hydrogen bonds) intermolecular interactions, large conformational freedom of ethylene groups, flexible molecular framework, fairly narrow bandwidth (W) , a n d s t r o n g e l e c t r o n correlations, which are represented by on-site Coulomb repulsion energy U, gave a rich variety of complexes with different crystal and electronic structures ranging from insulators to superconductors (corresponding references are cited in Ref. 16 ): Mott insulators (including spin-Peierls systems, antiferromagnets, spin-ladder systems, and quantum spin liquid), one-dimensional metals with CDW transition, two-dimensional metals with CDW transition, twodimensional metals with FISDW transition, charge-ordered insulators, monotropic complex isomers, and two-dimensional metals down to low temperatures.
About 60 ET superconductors have so far been known. β'-(ET)2ICl2
β'-(ET)2AuCl2
a) *: mid-point. **on-set under uniaxial strain (see Fig. 9a ). Others are the on-set values under hydrostatic pressure. b) SC: superconductor, SL: spin liquid. followed by H-salt of 3 (Tc = 11.8 K) [55, 56] . These salts are electronically clean metals as evidenced by the observation of quantum oscillations (Shubnikov-de Haas (SdH), de Haas-van Alphen (dHvA)), and geometrical oscillations: angular dependent magnetoresistance oscillation (AMRO), which afford topological information for the Fermi surface [19, 20, 70] .
Next, we will focus mainly on the κ-type superconductors with polymerized anions.
κ-type ET conductors
The κ-type superconductors κ-(ET)2CuL1L2 (1-5 in Table 2 ) share some common structural and physical properties [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . Figure 7 shows the crystal structure of the prototype H-salt of 2, anion structures, donor packing pattern, and calculated Fermi surface [51] [52] [53] [54] . Table 2 summarizes the two kinds of ligand (L1, L2) in a salt and ratio t'/t for triangle geometry of ET dimers. These salts have polymerized anions in which ligand L1 forms infinite chain by coordinating to Cu 1+ and ligand L2 coordinates to Cu 1+ as pendant. ET molecules form a dimer and the ET dimers are arranged nearly orthogonally to each other forming twodimensional conducting ET layer in the bc-plane which is sandwiched by the insulating anion layers along the a-axis (Fig. 7a) . Cu 1+ and SCN form Cu⋅⋅⋅SCN⋅⋅⋅Cu⋅⋅⋅SCN⋅⋅⋅ zigzag infinite chain along the b-axis and other ligand SCN coordinates to Cu 1+ by N atom to make an open space (indicated by ellipsoid in Fig. 7b , also see Fig. 5 ) to which an ET dimer fits. An ET dimer has one spin, and the dimers form triangle (Fig. 7c ) whose shape is represented by the ratio t'/t (Fig. 7d ).
H-salt of 4 showed a complicated T-P phase diagram (Fig. 8a ) [72] [73] [74] [75] [76] . Thoroughgoing studies under pressure showed a firm evidence of the coexistence of superconducting (I-SC-2 phase: I-SC = incomplete superconducting) and AF phases [72] [73] [74] [75] [76] [77] [78] , where the radical electrons of ET molecules played both roles of localized and itinerant ones. Under a pressure of ca. 20-30 MPa another incomplete superconducting phase (I-SC-1) appeared and the complete superconducting (C-SC) phase neighbored to this phase at higher pressures. Below these superconducting phases, reentrant nonmetallic (RN) phase was observed. 
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Alternating mixed donor packing motifs were observed in two phases of α'-κ-(ET)2Ag(CF3)4(TCE), Tc (on-set) of which are 9.5 K and 11.0 K for the phase having twolayered (α' + κ) and four-layered (α' + κ1 + α' + κ2) phase, respectively [81, 82] . Since α'-packing generally imparts semiconducting state, both systems have nano-scale hetero junction of semiconductive/superconductive interface, which is thought to give higher Tc in these systems in comparison with κl-(ET)2Cu(CF3)4(TCE) (Tc = 4.0 K). If this explanation is correct, this is an example of interface superconductivity [83, 84] .
With increasing the distance between the ET dimers in Fig. 7a-d , the transfer interactions between ET dimers decrease; this may correspond to the decrease of W and to increase of
D(εF), and consequently Tc is expected to increase. According to this line of thought, higher
Tc is expected for the salt having a larger anion spacing. Such a κ-type salt may be found near the border between poor metals and Mott insulators. It is true not only for κ-type but also for other types, e.g., β'-(ET)2X (X = ICl2 [67, 68] and BrICl [69] ) having high Tc in the ET family are Mott insulators at AP.
Topological structures of their Fermi surfaces studied by SdH, dHvA, and AMRO (Table 2 ) [19, 20, 53, 70, 71, [85] [86] [87] show that the area of the closed Fermi surface relative to the first Brillouin zone and cyclotron mass calculated from SdH oscillations are 15.7% (α-orbit in Fig.  7e, 3 .5me) and 105% (β-orbit in Fig. 7e, 6 .5me) for 2 at AP, 4.4% (0.95me) at 0.9 GPa and ca. 100% (6.7me) at AP for 3, and 15.5% (1.7me) and 102% (3.5me) at 0.6 GPa for 4. Fermi surface of 2 ( Fig. 7e ) calculated based on the crystal structure is in good agreement with these observed data.
The followings are the superconducting characteristics of κ-type ET superconductors, some of which differ from those of the conventional BCS superconductors.
1. Upper critical magnetic field Hc2: 2 gave higher Hc2 values for the magnetic field parallel to the two-dimensional plane than HPauli based on a simple BCS model [88, 89] .
Coherent length ξ:
The superconducting coherent lengths are 29 and 3.1 Å for 2 at 0.5 K along the two-dimensional plane (ξ//) and perpendicular to the plane (ξ ⊥ ). The ξ// is larger than the lattice constants, however, the ξ ⊥ is much smaller than the lattice constant indicating the conducting layers along this direction is Josephson coupled. 3. Symmetry of superconducting state: No Hebel-Slichter coherence peak was observed in both 2 and 3 in 1 H NMR measurements, ruling out the BCS s-wave state. The symmetry of the superconducting state of 2 had been controversially described as normal BCStype or non-BCS type, however, STM spectroscopy showed the d-wave symmetry with line nodes along the direction near π/4 from the ka-and kc-axes (dx 2 -y 2 ) [90] , and thermal conductivity measurements were consistent with that [91] . STM on 3 also showed the same symmetry [92] . A recent specific heat measuremen on 2 and 3 was consistent with these results [93] . 4. Inverse isotope effect: Inverse isotope effect has so far been observed for 1 [50], 2 [54], and 4 [58] , while normal isotope effect for 3 [56] . The reason of the observed isotope effects is not fully understood yet consistently.
A very simplified T-P phase diagram for κ-(ET)2X
was proposed (Fig. 8b) , where only the parameter U/W is taken into account. Fig. 8b includes the salts 2, 3, 4, β-(ET)2I3, and β'-(ET)2ICl2 [80] , however, the metallic behavior of 2 above 270 K and that of 1, whole behavior of 5, and low-temperature reentrant behavior of 3 and 4 ( Fig. 8a) Fig. 8b remains incomplete, despite it is frequently used to explain the general trends for these salts.
Quantum spin liquid state in κ-(ET)2Cu2(CN)3 and neighboring superconductivity
As mentioned, κ-type packing is characterized by the triangular spin-lattice (Fig. 7c,7d) where an ET dimer is a unit with S = 1/2 spin [95, 96] . It has long been predicted that the geometrical spin frustration of antiferromagnets caused by the spin correlation in particular spin geometry (triangle, tetrahedral, Kagome (Scheme 5), etc.) prevents the permanent ordering of spins. So the spins of Ising system with AF interaction in the equilateral triangle spin lattice will not show any long-range order even at 0 K, and hence the phase, namely quantum spin liquid phase, has high degeneracy [97] . Such spin liquid state has only been predicted theoretically [98] , and a variety of ideal materials have been designed and examined for long [99] [100] [101] [102] . Since the discovery of the spin liquid state in κ-(ET)2Cu2(CN)3, several materials have been reported to have such exotic spin state: [104, 105] , Na4Ir3O8 [106] , and BaCu3V2O8(OH)2 [107, 108] . Some inorganic materials reported as spin liquid candidates were eliminated owing to the spin ordering at extremely low temperatures, etc [109] [110] [111] [112] [113] . Na4Ir3O8 and two organic compounds (κ-(ET)2Cu2(CN)3, EtMe3Sb[Pd(dmit)2]2) may be recognized as "soft" Mott insulators and have metallic state under pressure. Only κ-(ET)2Cu2(CN)3 has the superconducting phase next to spin-liquid state so far as described below.
The phase diagrams of TMTSF (Fig. 4) , ET (Fig. 8) , C60 [114] families and also electroncorrelated cuprate and iron pnictide high Tc systems [115] indicate that a magnetic ordered state (SDW, AF) is allocated next to the superconducting state. Figure 9a shows the T-P phase diagram of κ-(ET)2Cu2(CN)3 at low temperature region by applying uniaxial strain along c-(t'/t decreases in this direction) and b-(t'/t increases in this direction) axes with epoxy-method [62, 65] . In both cases, a superconducting state readily appeared nearly above 0.1 GPa since the t'/t deviates from unity; i.e., strong spin frustration was released. It is very noteworthy that the spin liquid phase is neighboring to the superconducting state and its Tc is fairly anisotropic as shown in Fig. 9b . A plot of Tc vs. TIM, which is a Mott insulator-metal transition temperature, indicates that in comparison with the hydrostatic pressure results, the uniaxial method afforded: 1) a much higher Tc value, 2) an increase of Tc at the initial pressure region, 3) an anisotropic pressure dependence, and 4) superconducting phase remains at higher pressure. The uniaxial strain experiments including other κ-type superconductors clearly revealed that the Tc increased as the U/W approaches unity and as the t'/t departs from unity [116] . 
Other ET superconductors
One of the most intriguing ET superconductors is the salt with I3 anion, which afforded α-, αt-, βL-, βH-, δ-, ε-, γ-, θ-, and κ-type salts with different crystal and electronic structures. Among them, α-, αt-, βL-, βH-, γ-, θ-, and κ-type salts are superconductors with Tc = 7.2, ~8, 1.5, 8.1, 2.5, 3.6, and 3.6 K, respectively [36, 41, 42, 44, 45, [117] [118] [119] [120] . The βL-salt was converted to the βH-salt by pressurizing (hydrostatic pressure) above 0.04 GPa and then by depressurizing while keeping the sample below 125 K [45, 46] . The βH-salt returned to βL-salt when the salt was kept above 125 K at AP. The βL-salt is characterized by having a
(a) (b)
superlattice appearing at 175 K with incommensurate modulations of ET and I3 to each other [121] . The formation of the superlattice was suppressed by the pressure above 0.04 GPa. Then the two ethylene groups in an ET molecule were fixed in the eclipsed conformation to
give rise to more than 5 times higher Tc in βH-salt. The Tc of βH-salt decreased with increasing hydrostatic pressure monotonously, however, under the uniaxial stress the further Tc increase taking a maximum at a piston pressure of 0.3-0.4 GPa is observed for both directions parallel and perpendicular to the donor stack [120] . The superconducting coherent lengths are ξ// = 630 (//a) -610 Å (//b') and ξ ⊥ = 29 Å (//c*) for the βL-salt, and ξ// = 130 Å and ξ ⊥ = 10 Å for the βH-salt.
The α-(ET)2I3 exhibited nearly temperature independent resistivity down to 135 K, at which charge-ordered MI transition occurred [122, 123] . It has been claimed that α-(ET)2I3 has a zero-gap state with a Dirac cone type energy dispersion like graphene [124, 125] . Under hydrostatic pressure it became two-dimensional metal down to low temperatures (2 GPa), however, it became superconductor under the uniaxial pressure along the a-axis (0.2 GPa, on-set Tc = 7.2 K), though along the b-axis it remained metal down to low temperature (0.3-0.5 GPa) [117] . α-(ET)2I3 was able to be converted to mosaic polycrystal with Tc ~ 8 K by tempering at 70-100 °C for more than 3 days, giving αt-salt which exhibited similar NMR pattern to that of the βH-salt [36] . from disordered state in θ-phase to ordered state in θ Γ -phase. Therefore, the phase diagram of the θ-type salts needs further parameters concerning with the structure of the salts (ethylene conformation and position or disorder of anions).
BETS superconductors
The most intriguing phenomenon among the 8 BETS (Scheme 6) superconductors (highest Tc = 5.5 K) is the reentrant superconductor-insulator-superconductor transition under magnetic field for (BETS)2FeCl4. The λ-or κ-type BETS salts formed with tetrahedral anions FeX4 (X:
Cl and Br) were studied in terms of the competition of magnetic ordering and and a firm nonlinear electrical transport associated with the negative resistance effect in the magnetic ordered state have been observed [135] . Moreover it has been found that the FeCl4 salt shows the field-induced superconducting transition under a magnetic field of 18-41 T applied exactly parallel to the conducting layers [132] . The λ-(BETS)2FexGa1-xX4 passes through a superconducting to insulating transition on cooling [135] . The κ-(BETS)2FeX4
(X = Cl, Br) are AF superconductors (TN = 2.5 K, Tc = 1.1 K for X = Br: TN = 0.45 K, Tc = 0.17 K for X = Cl) [136] . Similar phenomena, namely AF, ferromagnetic, or field-induced superconductivity, have been observed in several inorganic solids such as Chevrel phase [137] and heavy-fermion system [138] . Recently it has been reported that λ-(BETS)2GaCl4 (Tc = 8 K(on-set), 5.5 K(mid-point)) exhibited superconductivity in the minute size of four pairs of (BETS)2GaCl4 based on the STM study [139] . This salt has two-dimensional superconducting character (ξ// = 125 Å, ξ ⊥ = 16 Å).
Scheme 6.
Superconductors of other electron donor molecules
Besides TMTSF, TMTTF, BO, ET, and BETS superconductors, there are other superconductors (Scheme 7, numbers in bracket are the total members of each superconducting family and the highest Tc) of CT salts based on symmetric (BEDSe-TTF [140] and BDA-TTP [141] [142] [143] [144] ) and asymmetric donors (ESET-TTF [145] , S,S-DMBEDT-TTF [146] , meso-DMBEDT-TTF [147, 148] , DMET [149] , DODHT [150] , TMET-STF [151] , DMET-TSF [152] , DIETS [153] , EDT-TTF [154] , MDT-TTF [155, 156] , MDT-ST [157, 158] , MDT-TS [159] , MDT-TSF [160] [161] [162] [163] , MDSe-TSF [164] , DTEDT [165] , and DMEDO-TSeF [166, 167] ). κ-(MDT-TTF)2AuI2 (Tc = 3.5 K) exhibited a Hebel-Slichter coherent peak just below Tc, indicating a BCS-type gap with s-symmetry [156] . On the other hand, d-wave like superconductivity has been suggested for β-(BDA-TTP)2SbF6 [143, 144] . β-(BDA-TTP)2X (X = SbF6, AsF6) exhibited a slight Tc increase at the initial stage of uniaxial strain parallel to the donor stack and interlayer direction while Tc decreased perpendicular to the donor stack [142] . 
Superconductors based on electron acceptors
Icosahedral C60 molecule with Ih symmetry has triply degenerate LUMO and LUMO+1 orbitals with t1u and t1g symmetries, respectively. In 1991, superconducting phase was observed below 19 K for the potassium-doped compounds prepared by a vapor-solid reaction [168] , immediately after the isolation of macroscopic quantities of C60 solid [169] . Powder X-ray diffraction profile revealed that the composition of the superconducting phase is K3C60 and the diffraction pattern can be indexed to be a face-centered cubic (fcc) structure [170] . (Fig. 10 ) [172, 173] . The observation of a Hebel-Slichter peak in relaxation rate just below Tc in NMR [174] and µSR [175] indicate the BCS-type isotopic gap. The decrease in Tc due to the isotopic substitution [176] also supports the phonon-mediated pairing in M3C60, where the α value in Tc ∝ (mass) -α (ideal value of α predicted by the BCS model is 0.5) is estimated to be 0.30(6) for K3 13 C60 and 0.30(5) for Rb3 13 C60.
Keeping the C60 valence invariant (-3), the intercalation of NH3 molecules (e.g., (NH3)K3C60) results in the lattice distortion from cubic to orthorhombic accompanied by the appearance of AF ordering instead of superconductivity [177] . Changing the valence in cubic system also has a pronounced effect on Tc. For example, Tc in Rb3-xCsxC60 prepared in liquid ammonia gradually increases as the mixing ratio approaches to x = 2 [178] . Further increasing the nominal ratio of Cs leads to a sizable decrease of Tc, despite the lattice keeps the fcc structure for x < 2.65. Such a band-filling control has been realized for Na2CsxC60 (0 ≤ x ≤ 1) [179] and LixCsC60 (2 ≤ x ≤ 6) [180] , and shows that the Tc decreases sharply as the valence state on C60 deviates from -3. In 2008, A15 or body-centered cubic (bcc) Cs3C60 phase, which shows the bulk superconductivity under an applied hydrostatic pressure, was obtained together with a small amount of by-products of body-centered orthorhombic (bco) and fcc phases, by a solution process in liquid methylamine [181] . Interestingly, the lattice contraction with respect to pressure results in the increase in Tc up to around 0.7 GPa, above which Tc gradually decreases. The trend in the initial pressure range is not explicable within the simple BCS theory. At AP, on the other hand, the A15 Cs3C60 shows an AF ordering below 46 K, verified by means of 133 Cs NMR and µSR [182] . Very recently, it has been found that the fcc phase also shows an AF ordering at 2.2 K at AP and superconducting transition at 35 K under an applied hydrostatic pressure of about 0.7 GPa [183] . We note that Tc of the both phases follows the universal relationship for M3C60 superconductors in the vicinity of the Mott boundary, as seen in Fig. 10 . So far about 40 superconductors were prepared with the highest Tc of 33 K (RbCs2C60) at AP and 38 K (A15 Cs3C60) under pressure (0.7 GPa).
Polyaromatic hydrocarbon superconductors
Doping of alkali metals in picene (Scheme 8), that has a wider band gap (3.3 eV) than 1.8 eV for pentacene, introduced superconductivity [184] . The bulk superconducting phase was observed below 7 K and 18 K for K3picene, and 7 K for Rb3picene, which are comparable to that of K3C60 (Tc = 19 K). Since the energy difference between LUMO and LUMO+1 is very small (< 0.1 eV), the three electrons reside in the almost two-fold degenerate LUMO.
Considering the fact that Ca1.5picene also shows a superconducting phase below 7 K [185] , three-fold charge transfer from dopants to one picene molecule would be responsible for emergence of the superconductivity. At present, although the crystal structures of the doped compounds are unclear, the refined lattice parameters are indicative of the deformation of the herringbone structure of pristine picene and the intercalation of dopants within the twodimensional picene layers. After the discovery of the picene-based superconductors, several superconductors have been found for alkali metal (Tc = 7 K) [186] and alkaline-earth metal (Tc ~ 5.5 K) [187] doped phenanthrene, potassium-doped 1,2:8,9-dibenzopentacene (Tc = 33 K; partially decomposed) [188] , and potassium-doped coronene (Tc < 15 K) [185] . Among them, phenanthrene-based superconductors shows an enhancement of Tc with increasing pressure, which is indicative of the non-BCS behavior.
Scheme 8.
Contrary to the electron-doped system above described, it has been found that a cation radical salt (perylene)2Au(mnt)2, in which each perylene has an average charge of +0.5 and form segregated columns, show a superconductivity with Tc = 0.3 K when the hydrostatic pressure above 0.5 GPa was applied to suppress CDW phase [189] . So far 8 aromatic hydrocarbon superconductors were prepared with the highest Tc of 33 K at AP.
Carbon nanotubes, graphite, and diamond superconductors
In 2001, first superconducting carbon nanotubes were discovered for ropes of singlewalled carbon nanotubes (SWNTs) with diameters of the order of 1.4 nm (Tc = 0.4 K) [190] , and immediately after that SWNT with diameters of 0.4 nm embedded in a zeolite matrix (Tc = 15 K) [191, 192] . The drop in magnetic susceptibility is more gradual than expected for three-dimensional superconductors, and superconducting gap estimated from the I-V plot shows the temperature dependency characteristic of one-dimensional fluctuations. It is apparent that the isolation of carbon nanotubes from each other is responsible for the realization of the almost ideal one-dimensional system. Multi-walled carbon nanotubes (MWNTs) also show the superconductivity; namely, MWNT with diameters of 10-17 nm that were grown in nanopores of alumina templates was found to show superconductivity with Tc = 12 K [193] . We note that this superconducting system is classified into single component superconductors, contrary to the C60 and graphite (vide infra) based superconductors.
Graphite has a layered structure composed of infinite benzene-fused π-planes (graphenes) with sp 2 character. First-stage alkali metal doped graphite intercalation compounds (GICs)
were known to superconduct with Tc = 0.15 K for KC8 [194] . In 1980s and 1990s, further efforts were poured to synthesize GICs with higher Tc, such as LiC2 with Tc = 1.9 K [195] . In 2005, these efforts culminated in the discovery of CaC6 with Tc as high as 11.5 K at AP [196] , which goes up to 15.1 K under pressures up to 7.5 GPa [197] . In other alkaline-earth metal doped GICs, the superconducting phase was observed below 1.65 K for SrC6 and 6.5 K for YbC6 [198] . The apparent reduction of Tc strongly suggests that the interlayer states of graphite have an impact on the electronic state of GIC, which was supported by theoretical calculations [199] . The conventional phonon mechanism in the framework of conventional BCS theory is generally accepted, due mainly to the observation of the Ca isotope effect with its exponent α = 0.5 [200] .
A typical sp 3 covalent system, diamond, is an electrical insulator with a wide band gap of 5.5 eV, and is well known for its hardness as well as its unique electronic and thermal properties. Superconductivity in diamond was achieved through heavy p-type doping by boron in 2004 (Tc = 4 K), which was performed under high pressure (8-9 GPa) and high temperatures (2500-2800 K) [201] . Enhanced Tc in homoepitaxial CVD films has been achieved as high as 11 K [202] . Doped boron introduces an acceptor level with a hole binding energy of 0.37 eV and results in a metallic state above a critical boron concentration in the range of a few atoms per thousand. The Tc varies between 1 and 10 K with the doping level [203] . Superconducting gap estimated from STM [204] and isotopic substitution of boron and carbon [205] follow the BCS picture, as MgB2 (Tc = 39 K).
Accordingly, all of the carbon polymorphs, namely zero-dimensional C60 (sp 2 /sp 3 character), one-dimensional carbon nanotube (sp 2 character), two-dimensional graphite (sp 2 character), and three-dimensional diamond (sp 3 character) could provide superconductors, despite their covalent character being different. The superconductors with sp 2 /sp 3 or sp 2 carbons were realized either in themselves or by doping of metal atoms, while those with sp 3 carbons were realized by substitution of boron for carbon.
Single component superconductors
Since the discovery of the first metallic CT solid, TTF•TCNQ, in 1973 [8] , much attention for organic (super)conductors has been devoted to plural component CT solids. Besides numerous studies on multi-component CT solids, several single-component organic conductors have been developed. Even though pentacene is known to be the first organic metal (semimetal) showing a decrease of resistivity down to ca. 200 K at 21.3 GPa [206] , no superconductivity was reported so far on the solids composed of aromatic hydrocarbon solely. Electric conductivity increases by the enhancement of intermolecular interactions by appropriate use of hetero-atomic contacts. There are two single-component superconductors under extremely high pressure, p-iodanil (σRT = 1 × 10 -12 S cm -1 at AP, σRT = 2 × 10 S cm -1 at 25
GPa, and superconductor at Tc ~ 2 K at 52 GPa) [207, 208] and hexaiodobenzene (Tc = 0.6-0.7 K at around 33 GPa and ca. 2.3 K at 58 GPa) [209] . Both have peripheral chalcogen atoms, iodine, which may cause the increased electronic dimensionality of the solid under pressure owing to intermolecular iodine•••iodine contacts.
